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We consider a scalar field φ whose coupling to the kinetic term of a non-abelian gauge field is set
at an UV scale M . Then the confinement of the gauge sector will induce a φ-dependent vacuum
energy which generates a dimensionful potential for the scalar. It provides a good example of
dynamical generation of a new physics scale below M through the vacuum expectation value 〈φ〉.
This mechanism may shed light on the origin of dark matter, or spontaneous symmetry breaking
applicable to the electroweak symmetry.
I. INTRODUCTION
The existence of a fundamental scalar has been essen-
tial to understand an important phenomenon in the na-
ture. The Higgs boson, responsible for the electroweak
symmetry breaking, is the only example confirmed by
experiment so far. However, it is well believed that a
scalar field (inflaton) drives an early expansion of the
universe [1–5] to solve the flatness and horizon problems,
seeding the primordial fluctuations in cosmic microwave
background [6, 7]. A scalar field is also required to break
Peccei-Quinn (PQ) symmetry at an intermediate scale
through which the Strong CP conservation is enforced
dynamically [8].
More recently, scalar particles have been considered
extensively as a dark matter candidate for various rea-
sons, which can also be extremely light [9]. Furthermore,
a light scalar (dilaton) coupling to the gluon fields could
lead a fifth-force between the nucleus, motivating a lot
of low energy atomic experiments [10]. Such a scalar
field with an initial displaced vacuum could induce time-
varying gauge couplings through its coupling to the weak
and strong gauge fields, providing an first-order phase
transition required by the electroweak baryogengesis [11–
14].
In this letter, we consider a scalar field φ coupling to
a general SU(N) gauge field which confines at a lower
scale. Then, a φ-dependent vacuum energy is induced
and generates a new potential for the scalar boson in
the confining phase. In this way, a new energy scale can
emerge to provide us some insight on understanding vari-
ous phenomena mentioned above. The paper is organized
as follows: we will first briefly overview the mechanism,
and then discuss various implications in physics of dark
matter and symmetry breaking.
∗ ejchun@kias.re.kr
† hancheng@kias.re.kr
II. THE MECHANISM
A. Confinement potential
Let us consider an SU(N) gauge theory with nf light
fermions, and a singlet scalar φ which couples to the
gauge field through a high dimension operator,
L ⊃ − 1
4g2
(
1− c φ
M
β
2g
)
GµνGµν . (1)
Note that the pre-factor β/2g is included to keep renor-
malization scale invariance of the operator, g is the gauge
coupling constant, and the beta function β is defined by
dg
d lnµ
≡ β = −β0 g
3
16pi2
(2)
with β0 = (
11
3 N − 23nf ). If SU(N) confines below M ,
there occurs gauge condensation 〈αpiGµνGµν〉 ' Λ4 [15–
17]. Here Λ is the confinement scale which can be esti-
mated as
Λ = M exp(− 8pi
2
g2β0
− c
4
φ
M
). (3)
Therefore the confinement induces a vacuum energy [18,
19],
Vvac =
1
4
〈Tµµ 〉 = 〈
β
8gs
GµνGµν〉+ 1
4
(1− γm)mf 〈f¯f〉
' −β0
32
Λ4 = −β0
32
Λ40 exp(−c
φ
M
) (4)
where Λ0 is the confinement scale when φ = 0. Here we
ignore the fermion contribution by assuming mf is much
smaller than Λ0. Since the Λ has depends on φ, it induces
a potential for φ. Note that this potential is only valid for
|c φM | . O(1). In the following we will discuss the physics
implications of the emergent potential (4) with the pre-
factor β0/32 absorbed by the redefined confinement scale.
B. Emergence of a new energy scale
As is well-known, a scale could emerge from dimen-
sion transmutation although a theory does not contain
any mass parameter. QCD is a specific example where
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2the condensation scale of ΛQCD ∼ 0.1 GeV arises due to
the color confinement. Another example is the Coleman-
Weinberg potential which was originally used for elec-
troweak symmetry breaking (EWSB) without introduc-
ing a dimensionful parameter [20]. It is also argued that
such classical scale invariance may provide a solution of
naturalness problem [21]. Along these lines, the confine-
ment potential (4), generating a dimensionful term for
the scalar φ via dimension transmutation, can be the
source of a new scale: the vacuum expectation value 〈φ〉.
Consider the following interactions of the scalar field
φ,
L ⊃ −λ
4
φ4 − 1
4g2
(
1− φ
M
β
2g
)
GµνGµν (5)
which induces a potential,
V =
λ
4
φ4 − Λ40 exp(−
φ
M
) (6)
valid for |φ| . M . From the minimization of the poten-
tial (4), fulfilling the conditions: V ′ = 0 and V ′′ > 0 at
φ = 〈φ〉, we can find the solution:
〈φ〉 ' −λ−1/3Λ0
(
Λ0
M
)1/3
(7)
m2φ = 3λ〈φ〉2 −
Λ40
M2
(8)
for λ > 127 (
Λ0
M )
4.
For a complex scalar field φ charged under U(1) or Z2
symmetry, one can consider the Lagrangian:
L ⊃ −λ
4
(φ†φ)2 − 1
4g2
(
1− cφ
†φ
M2
β
2g
)
GµνGµν (9)
which induces the potential,
V =
λ
4
(φ†φ)2 − Λ40 exp(−c
φ†φ
M2
)
=
λ
4
(φ†φ)2 − Λ40 + c
Λ40
M2
φ†φ+ · · · . (10)
In the case of c < 0, it provides a negative mass term
and thus induces the symmetry breaking leading to
〈φ〉 ' (−2c
λ
)1/2
Λ20
M
(11)
m2φ ' −c
Λ40
M2
. (12)
Notice that this mechanism can be applied to the PQ
symmetry breaking. Taking M to be the Planck scale
MP , one can get the axion scale of 〈φ〉 ∼ 1011 GeV for
Λ0 ∼ 1015 GeV with |c| and λ ∼ O(1).
III. DARK MATTER AND GAUGE
CONDENSATION
A. Minimal model from color confinement
. Consider a scalar dark matter φ which couples only
to the gluon field. In this case, its abundance can be
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FIG. 1. The parameter space where φ as a dark matter can-
didate. We show the limit from fifth-force measurement [10]
(gray region) and stellar cooling limits from HB stars [25]
(above green curve), RG stars [25] (above blue curve) and
SN1987A [26] (pink region). The red curve is the parameter
space where φ satisfies the dark matter relic density with a
fraction f .
produced through the misalignment of the vacuum before
and after the QCD phase transition. Assuming again the
following interactions,
L ⊃ −λ
4
φ4 − 1
4g2s
(
1− φ
M
βs
2gs
)
Gaµνs G
a
sµν (13)
where we used the index s to denote the color SU(3)c
sector. Before QCD confines, the 14λφ
4 dominate the
potential having the minimum at 〈φ〉 = 0. After the
confinement of QCD, the confinement potential arises
V =
λ
4
φ4 − Λ4QCD exp(−
φ
M
) (14)
developing a new minimum at
〈φ〉 ' −λ−1/3ΛQCD
(
ΛQCD
M
)1/3
(15)
where we define Λ4QCD ≡ 932 〈αpiGaµνGaµν〉 = 9320.028
GeV4 [22] 1. At the same time, φ gets the mass mφ '√
3λ〈φ〉 which is much larger than the Hubble parameter.
Thus, φ starts immediately to oscillate around the new
minimum. If φ contributes all the dark matter compo-
nent, the relic density of φ should satisfy
ρφ ×
(
Teq
Tosc
)3
g∗(Teq)
g∗(Tosc)
' 0.4 (eV)4 (16)
1 Note that there is a large uncertainty in the determination of
〈α
pi
GaµνGaµν〉 [23].
3where ρφ ' 34λ〈φ〉4 and Teq ' 0.8 eV is the temperature
at the matter-radiation equality. The oscillation temper-
ature is taken to be Tosc = 0.15 GeV [24].
In our scenario the dark matter coupling to photons
arises at two loop level, The decay width of the light
scalar can be estimated as,
Γφ→γγ ≈
∑
q
1
pi
( α
4pi
)2
α2sQ
4
q
m3φ
M2
. (17)
The minimization conditions and the dark matter relic
density relation (16) set the dark matter lifetime as a
function of its mass and fraction f :
τφ→γγ ≈ 5× 1017sec
(
1
f
)(
3 keV
mφ
)5
. (18)
Thus, the dark matter mass should not be larger than
about 3 keV.
On the other hand, the interaction in Eq. (13) also
induces a coupling between the scalar and nucleus at low
energy:
φ
M
β
2g
GaµνGaµν ⇒ O(1)
φ
M
mN N¯N. (19)
The fifth-force measurement and the astrophysical obser-
vations set a strong limit on such couplings. In Fig. 1 we
show the dark matter preferred region as well as these
limits. The red curve is the parameter space where φ
satisfies the dark matter relic density. It shows that this
scalar can hardly provide all the the dark matter compo-
nent surviving all the constraints. More parameter space
is available if we consider φ contributes to a fraction of
the dark matter.
B. Additional SU(N) potential
Let us now generalize the previous consideration by
adding an additional confining gauge sector of SU(N):
L ⊃−1
4
λφ4 − 1
4g2N
(
1− φ
M
βN
2gN
)
G2N
− 1
4g2s
(
1− φ
M
βs
2gs
)
G2s (20)
where we assumed the same coupling of φ to the SU(N)
and SU(3)c gauge fields for simplicity. If we allow
smaller coupling of φ to the QCD sector, our bounds
will be relaxed accordingly. The above interactions can
be obtained after integrating out by a heavy fermion in
bi-fundamental representations of SU(N) and SU(3)c.
Then the total confinement potential at low energy be-
comes,
V =
1
4
λφ4 − Λ4N exp(−
φ
M
)− Λ4QCD exp(−
φ
M
). (21)
Assuming ΛN  ΛQCD, the scalar potential is domi-
nated by the SU(N) confinement leading to the previous
relations (7,8) with Λ0 → ΛN . The requirement for the
dark matter relic density (16) is again applicable with
Tosc = ΛN . To maintain the two sectors in thermal equi-
librium before the hidden sector confines we may add
more fermions with smaller mass.
In Fig. 2 we show the viable parameter space. The
dashed curves show the values of mφ. The gray region
is excluded by the X-ray or γ-ray searches due to the
decaying of the scalar into photons [27]. These limits
generally require the lifetime of scalar to be larger than
1027 seconds. In the present case, the dark matter mass
can be in the range of (eV, MeV) where the upper limit
is set by the condition: M < MP as a reference.
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FIG. 2. The parameter space where φ as a dark matter candi-
date. All of shaded region are excluded by different searches.
The dashed curves show mφ = 1 eV, 1 keV, 1 MeV, 1 GeV
respectively.
IV. ORIGIN OF THE ELECTROWEAK
SYMMETRY BREAKING
It is known that the electroweak symmetry breaking is
triggered by the condensation of Higgs boson. Although
the Higgs properties of the standard model are well estab-
lished, there still to be understood: ”What is the origin
of the Higgs potential?”. Here we attempt to drive the
electroweak symmetry breaking by applying our mecha-
nism of dimensional transmutation.
Assuming that the Higgs couples to a hidden strong
sector through a dimension-6 operator:
L ⊃ −λ(H†H)2 − 1
4g2
(
1 +
H†H
M2
β
2g
)
GµνGµν
(22)
we get the Higgs potential
V = λ(H†H)2 − Λ40 exp(
H†H
M2
) (23)
≈ − Λ
4
0
M2
H†H + (λ+
1
2
H†H
M2
)(H†H)2 − 1
6
Λ40
M6
(H†H)3 + · · · .
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FIG. 3. Deviation of the Higgs trilinear coupling for different
M .
Taking H = (0, (h + v)/
√
2)T in the unitary gauge, the
minimization conditions give us
Λ0 =
√
2M
(
m2h
8M2 − v4/M2
)1/4
(24)
where v = 246 GeV and mh = 125 GeV. The higher
dimension operators modify the Higgs trilinear coupling
λhhh. Defining δ ≡ (λhhh/λSMhhh)− 1, we find
δ = − 4v
4
24M4 − 3v4 ' −
1
6
(
v
M
)4 (25)
which is highly suppressed. As can be seen in Fig. 3,
the deviation of Higgs trilinear coupling from the stan-
dard model prediction can be sizable for M = 300− 400
GeV, which might be probed at future colliders. It drops
quickly below 1% for M > 500 GeV. For this range, we
need Λ0 & 200 GeV.
V. CONCLUSION
We studied a new mechanism where a scalar potential
emerges from the scalar coupling to a SU(N) gauge
field strength which confines at a low energy scale. Such
a potential may play an important role to understand
the origin of dark matter, or spontaneous breaking of
symmetry such as PQ and electroweak symmetry. It
will be an interesting task to see whether the potential
for the inflaton or quintessence can emerge in a same
way [28].
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